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Abstract

An improved state-space analysis of the
CMOS static RAM cell is presented.
Introducing the concept of the dividing line,
the critical charge for heavy-ion-induced upset
of memory cells can be calculated considering
symmetrical aswell as asymmetrical capacitive
loads. From the critical charge, the upset-rate
per bit-day for static RAMs can be estimated.

I ntr oduction

To predict the heavy-ion-induced upset rate
of static random access memory (SRAM)
cells, Buehler and Allen [1] developed an
anaytical method based on state-space anaysis
LZ . Cell upsets are eventually caused if the

ole-electron pairs generated along the track of
an alpn particle hitting the memory cell, are,
colrected by the ~verse-biased pn-junction of
an output nodc. A 5-MeV aipha particle
generates, roughly, one milliof kxT e-electron
pairs corresponding to a charge of 0.16 pC. If
this charge Is collected by the reverse-biased
pn-junction Of an output node, this node is
charged, or discharged. If the current pulse
during the apha hit is short compared to the
response time of the cell, the node set and
release apﬁ)roach [1] can be used. In this
proach, the output node voltage is set by the
pha hit, whereafter the released ccll is
analyzed to seeif the alpha hit causes an upset
or not, For 5-MeV apha particles, the node set
and release approach is justificd by the. fact
that, even if the current pulse is best
approximate by a decaying exponentia with a
time constant of 1 ns[3], most of the charges
are collected within 200 ps[4],

Here, an improved analysis of the static
RAM-cell in the release mode is presented
which yields better understanding of the RAM.
cell behavior and more accurate expressions of
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the critical upset charge. his analysisis based
on cell behavior close to the meta-stable state
rather than on empirical observations of the
initial slopes of the node voltage curves.

State-space analysis

The core of the CMOS static RAM cellis
the bistable latch or flip-flop, which consists
of two inverters as shown in Fig. 1. The two
coupling nodes, Niand N2, have effective
capacitances to ground, Ci and Ca.
respectively, and amutual capacitance C,,,. The
state of the flip-flop is described by the two

vDD N VoD

Fig. . Two cross -coupled inverters are
used to design a bistable flip-flop.

node voltages, V, and V,. The bistable flip-

flop has three steady states. the one-state (O,
V), the Zero-state’ (Vpp, O) and the unstable

state (V. Vo), ususally known as the
metastable state. _ _

The dynamic behaviour of the flip-flop is
described by the current equations of the two
nodes, i.e.:

t7dr *om ( dt - dt ) ! (1)
L4V, AV, dV .
Co-g + Cn (‘a“r - 71?1) = 2

where ij and i2 are the currents flowing into
thetwo nodesNyand N, T
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The two equations closing the system are
governed by Kirchhoff's current law and gives

] =ipp-ing (3)
12 = 1p2 = 12, (4)

where i1 (Vy, Vi) and i,5(Vy,Vy) are the
currents through the two P-channel transistors
and ig1(Va, V) and i p(Vy, V,) ac the
currents through the two N-channel
transistors, respectively.

The three steady state solutions of the
system are given by

ipy - 1py = 0 (5)
lp2 -1h2 = O’ (6)

where the two equations represent the transfer
curves of the two inverters, as shown in Fig, 2.

If the flip-flop, for any reason such as an
alpha particle hit, is upset from its steady
states, the “return-trgjectory” from any given
state, (V,,V,,), t0 one of the stcady states
has to be derived numericaly. Thisis because
of the complicated non-linear voltage
dependence of the transistor and capacitor
models, which results in non-linear differential
equations, and which generally cannot be
solved analytically. The most convenient way
to solve the problem is to use a circuit
simulator such as SPICE. A typical example of
such simulations is shown in Fig. 3.

Equations (1) and (2) give directly the
velocity in state space

VD[ | sne-
itate

V2
&
N

meta-stable/

state 7\

0 v VDD

Fig.2. The static transfer curves of the tWO

inverters iN a flip-flop are illustrated in the (VI,
V,) state plane.
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dv,__dV,
de * dt

if the dc current-voltage characteristi & of the
latch, (i1(V5,V1).12(V,V,)), and the node
capacitances are known. Fig, 4 shows the two
velocity components, and Fig. 5 gives a vector
ficld representation. Asillustrated in Fig. 4,
each velocity component is zero along the
corresponding transfer curve (as long as the
mutual capacitance can be neglected). For the
steady state solutions both velocity
components are zero. From the velocity vector
ficld the Slope, dV2/dVy, is known analytically
in any point along each of the return
trajectorics in Fig. 3. The velocity vector field
also allows a crude graphical construction of
the return trgectories by following the
directions given by the vectors asillustrated in
Fig. 5. Note that the return trgectories will
always cross the static transfer curve
characterized by i2=0 horizontally, and the
other static transfer curve(iy=0) verticaly [5].

Of particular interest with respect to single
event upsets, arc the two trajectories leading to
the metastable point. These two trajectories
divide the state-plane into two halves and will
serve as a"separatrix" [6] or “dividing line”
during the alpha particle hit. 1f this dividing
line is crossed during the hit, the cell will be
upset and change its state during the following
"release” mode, otherwise it will return to the
same State as before. The next section will give
an analytica expression for the dividing line as
a guide for the RAM designer.
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I'ig. 3. SPICE-simulated "return- trajectories”
to one of the stable states from an arbitrary point

(V1o Vo) in the (I, V2) state plane.
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Fig. 4. Phase-space diagrams for the velocities dV,/dr and dV/d.
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Fig. 5. The velocity vecror field in the (V,,

V) state plane for C;/Cy=0.5 and B,/8,=3.3.
Also shown cre a return trajectory and the
separatrices ending in the metastable point.

Analytical Description of Dividing Line

To derive analytical expressions for the
dividing line, simplified transistor models
must be used. Simulations using different
transistor models suggest that the trgjectories
leading to the metastable State, i.e. the dividing
line, with very good accuracy can be
approximated by a straight line, To derive an
expression for the slopeof thisline, transistor
currents i,and i, are linearized around the

Static memory ccl]

metastable point. Assuming identical inverters
(except for the capacitive loads), and
neglecting the mutual capacitance C, and the
output conductances oOf the transistors, we
obtain from Egs (1) and (2),

.dvz:_ gl (Bmn + gmp_)ﬁ_f(‘vl - VM) %
dvy G (gnn + 8mp) (V2 - V)~

where g, and g,,., are the transconductances
in the metastable point (Vy,, V,,) of (hen- and

-channel transistors, respectively. min
Blincar %clationship%eﬁjeen ‘\/28¥|dA \??Jal Ong
the dividing line,

V2- V=K (V- V), (8)
where K = dV,/dV,, wc obtain

C
K=k ©

This result suggests that the RAM cell
entersthe metastable statealong a straight line

with slope \/C1/C,, and leaves it along another
straight line with slope - v/C,/C,. The dividing
line is therefore given by

C
Va- M=\l V- vw. (10)

Simulations show that this equation for the
dividing lineisavery good approximation of
the simulated behavior. To examine closer the
justification of assuming a constant
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transconductance in the saturation region, let
.us use a modified Shocklcy transistor model
giving the saturation current as

in=kq 2148y (11)

where k,, is the transistor gain factor, Vi the
threshold voltage and &, the Taylor series
expansion coefficient of the bulk charge, (In

standard textbook eguations, usualy 8,=0.)
The transistor is saturated for Vpg 2 Vpsat =

(Vas-VTN)/(1+85). The linear region drain
current is given by

. Vis?
ip=ky [(VGS‘VTN)VDS - (1+5n)”' 2 “] (12)

Using similar equations for the p-channel
transistor, we can write the two node currents
as

i 1(V2) =%D(V2‘VDD'VTP)2 B vovne
(13)

C1[Bp(VOD+VTP-V1)? + Ba(V1-VIN)? - Bp(VDD+VTe-VM)? - Ba(VM-VInN)?
C2 [Bp(VDD+VTP-V2)* + Ba(V2-VIND® Bp(VDD+V1p-VM)?*  Ba(VM-VTN)?

one- P1 off
State
t AN
N2 of
4
N
> / /
i ow N2/ sat’ P2 off
i Zero-
N1 off state
0 VTN voo+vie VDD

Vi
Fig. 6. All four transistors are saturated in the

shadowed area. 8,= 5p= 0.3, Vyy=-Vyp=1V.
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and

(V) = _sz_ (V1-Vpp-Vip)? %" (Vi-V1n)3,
(14)

where for a g-type transistor fi; = 11538 :
q

For the case of B, = B, = B, we obtain a
constant transconductance,

gm ~ &mn + Emp = -B (VDD + VTP'VTN)’

(15)
for the whole region! where al four transistors
arc saturated. Hence, for this region (shown
shaded in Fig. 6) the linear equation given by
Fq. (10) is an exact solution for the dividing
1ne

For the general case when Bn#Bp, we
obtain from Egs (1) and (2) neglecting Cy,

Mg_@l 1'__2(V1)
dVi 7 Cy 11(Vp)

Separating variables, wc obtain after
integration

(16)

, (17)

where the metastable point (V. Vi) IS given
by

Vop+Vop+ B VN
Yooty Ny V1 5

A
+ /B
14 Bp

Eq. (17) isvalid when ail four transistors are
satorated. It can alSo be made valid for tumed-
off transistors, if the negative value of the
corresponding parenthesis Is replaced by zero.

""This region is given by

V-V Vi-Vpp-V
1 ,,INSVQSV[)I)+ Vi-VDD-VI1P

14+ 0 148y
Y2-Vin Va-Vpp-Vie
148, ©vrEYRDY UG

VINS VIS VDD - Vip
ViNSVa<sVpp - Vrp

June9, 1993




“he previoudly obtained straight line
* solution for the case of B,=p,, given in Eq.

(10), issimply a special case? of the general
solution.

A plot of the dividing line for the case of

Bn/By, =3.3isshowninFig. 7 using C,/C, =
1, 0.9, 0.5,0.25 and 0.1 as parameter values.
As indicated by Fig. 7, the dividing line is
very close to a straight line also for B,#f,3.
As an example, the second order deviationin

Vo for Vi=Vpy, is less than 5% for §,/B,=3.3
and Cy/Cy 20.1.

Comparisons to SPICE simulations show
that the solution of Eq. (17) can be extended
with small errors also into regionsof the state-
plane where one transistor is linear. if the
current through this transistor is small
compared to the current through the other
transistor of the same inverter. For the

example oOf Fig. 7, where B,,/Bp = 3.3,
transistor Pl becomes linear along the dividing
line when C,/C; £ 0.39. However, the error is
negligible aslong asiy; isless than one tenth
of i, (which istrue for C/C, 2 0.07).

For the limiting case of very small C{/C,
capacitance ratios, the dividing line becomes a
horizontal line through the metastable state.
The return track from the metastable state to
one of the stable states coincides with the static
transfer curve (i =0). For very large C,/C,
capacitance ratios the limiting dividing lineis a
vertical line through the metastable state. The
return track from the metastable state to one of
the stable states now coincides with the other
static transfer curve (i,=0). See Appendix,

“For By=Py, Eq. (17) yields

CoVpp* Vip - Vin) (V2 - V)2 =

C1Vppy + Vip Vo) Vi VM)

from which Eq. (10) can be obtained. For that part of
the dividing line that falls outside the shaded region

where all four transistors are saturated, for instance
when P2 is tumed off (for C1/Cy<1), Eq. (22) yields

C o [(v, -VIN? - (VDD#Vp-Vi)3 - ("’M-VTN)3] =
3C(Vpp + Vap Vi) (V2 V)2,

which only slightly deviates from a straight line.
3Itisexactly astraight linefor C)=Cj.

Static 2IICHIOI-Y cell

5.0 t+57a=

state

3.0”
V2
2.0"

1.0

0.0 - — "
0.0 1.0 2.0 3.0 4,

vi

Fig, 7. The dividing line with C,/C, =1,

0.7, 0.5, 0.25 and 0.1 as parameter.

Critical Charge Expressions

To calculate the upset-rate of a static RAM
in space, Buchler and Allen used the Petersen
eguation [7& which assumes a 10-percent
worst case differential cosmic-ray spectrum.
According to the Petersen equation, the upset
rate (in upsets per bit-day) for a heavy-ion hit
on a g-type reverse-bi pn-junction of node
I is given by

Rj = 510" Aqu(é-é‘;}" y (19

where Al isthe area of the reverse-biased pn-
junction of nodei (in umz), X, isthe carrier

collection depth of the same junction (in pm)
and QC; isthe critical charge (in pC).

The critical charge for a heavy-ion-induced
upset can be calculated for each reverse-biased
Fn-junction of the RAM cell using the results

rom the previous analysis.

For C,/C,<1, the critical charges for a hit
of inverter 2 is calculated as follows. With the
RAM cell being in the zero-state, V,=0 and the
drain of transistor P2 is reverse-biased. The
critical voltage, VCpp, for a P2 heavy-ion hit is
obtaincd from the dividing linc at V=V [1].
In the one-state, V,=V,1, and the drain of
transistor N2 is reverse-biased. The critical
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voltage, VC,,, for an N2 heavy-ion hit is

obtained from the dividing line at V,==0 [1].
Therefore, the critical voltages canbe

obtained from the straight linc equation (10) as

Ve =Vu+\[S0on - Vi) ()
and

. _ Cy
VCr2 = VM\?Cz VM, (21)

respectivel Y.

The expression for VC,2 of Eqg. (20) can be
compared to the expression derived by Buchler
and Allen. They based their analysis on the
empirical observation that

dve _VCp

dVi~ Vpp (22)

at (Vpp, VCp2) in the state-plane. After some
approximations their derivation yielded

VCp2 = VIN + / -g-; (VD V). (23)

Here, it can be seen that while their
expression for VC,, only depends on the
threshold voltage of the n-channel transistors,

the new expression in Eq. (20) depends on the
switching voltage of the inverter. Thereby, the
influence of both the p- and n-channel
transistors are considered, -
m 3
2.0
;; 25 B
O
] -
< 2 -
@) -
5 15 [
f = D
U -
E 1k M N
<§ 0.5 |
E 0: ! v el 1 L1 a1
1 10 100

RELATIVE CURRENT PULSE

Fig.8 The relative critical charge for memory
upset versus the relative current pulse
(normalized to the transistor saturation current).
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From the critical voltages, VCpo and VCy2,
Buchler and Allen [1] defined the

corresponding critical charges for memory
upset by aP2- and N2-hit as

QCp2=C2 VCp2 (24)
and
QCn2 = Cy (VI)D_VCIQ)’ (25)

respectively.
he critical charge is the minimum charge
needed for memory upset, assuming that the
charge is collected so rapidly that the voltage
on the other node does not change. Thisis true
for most memory cells since they, typically,
have a slow response time (>500 ps) and most
of the charge is collected within 200 ps as
shown by [4]. However, if charge is lost
during the alpha hit and, more charge must be
collected to upset the cell, To simulate the cell
during the alpha hit, one must be concerned
with the detailled nature of the current pulse.
For 5 MeV alpha particles, the current pulse
can be approximated %¥ a decayi nﬂ e\>/\<PonentLaI
with atime constant Of 1 NS[3]. However, In
most cases, as the simulated cases shown in
Fig. 8, a simple square-wave current pulse is a
%ood enough first-order approximation [8].
he corresponding set and release trgectories
simulated for five different current sources are
shownin Fig. 9.

5

V2

Fig. 9. The set and release trajectories for five
different current pulses during the alpha hit.
The cur-rent pulse is normalized to the
transistor saturation current.
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The critical charges for a hit of inverter 1
can be caculated similarly, at least for
capacitivel?/ symmetric RAM cclls or when
C1/Co>1. In order to estimate the critical
charges for N1 or P1hits when C1/C2<1, one
hasto know how the dividing line continues
into the regions where V<0 and V>Vpp.
Duc to the forward biasing of the drain diodes
NlorP1l, respectively, large restoring
currents i, develop, bending the dividing line
almost horizontal outside the frame of Fig. 7.
Consequently, the dividing line willbe
impossibleto reach by N 1 or P 1 hits, i. e.
QCnip and QCpy become very large and the
corresponding UPSet rates can be neglected.

Conclusions

A dynamic description of the charging and
discharging behavior of bistable RAM cells
after single event upsets has been devel oped,
State falane analysis has been shown ‘to be a
useful tool in providing insight into basic
RAM cell behavior, both in the set mode
during alpha particle hit and in the relcase
mode after the hit, The state plane has been
shown to be divided into two halves by a
dividing line that determines to which stable
state the system returns after a hit. Analytic
expressions for the dividing line, and for the
minimum critical upset charges, have been
given.
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Appendix

Generdly, Egs (1) and (2) can he rewritten

as

=gk (Al)

2

where

Ci1=Cp+—0 (A3)
1+ C’;

Cip=Cy f‘;+ ¢, +C2 (A4)

Cy1 = Cy gfﬁcl +C ~ (Ay

Cp=Cr+ C'—g (A6)
1+ -—C~’lﬂ

Using the following linear approximation
of the transistor currents,

i1=8m (V2- V) +8, Vi- Vi) (A7)
i2: 8m (Vl - VM) + 8o (V?. - VM)» (A8)

where gp, = gmnp + Bmp is the sum of the n-
and p-channel transconductances In the

metastable point (V,, V,,) and 8o = g,,+ Eop
i% the sum of the output conductance, we
obtain

4V ag(Vo VM) + by(Vy - VM) |
d V.7 a1(Vs - Vi) + by(V - V) *7

Here

8o 8 | Lo (Al 0)

b =&_+_ __g“_mu, = _go _,g.,m,
! 12 b, Cy " Cyy (A1)

Assuming alinear relationship between V,
and V1 along the dividing line, i. c.

Static memory cell

Vo- V= K (V- V. (Al2)

we obtain the slope

_. i 2 1/by a2y by
K’"’z(al ) al)i\/ct (a] ) 81)2+ a; -’

(Al3)

If the mutual capacitance can be neglected
compared to the load capacitances, [he
expression for the slope reduces to

K:i\/%éwvcz -C (Al4)

where

As expected, this expression reduces
furtherto K =+ '\/% hgn assuming o,

Assuming g,#0 and letting C,—e, we obtain
from Eq. (A14)

(0]
K ,{ £ , (A15)
Bm

which confirms an incoming horizontal line to
the metastable state and an outgoing line with a
slope given by the reciprocal gain of the

inverter. Letting Cj—e-, we obtain

K= {_ Bm > (A16)
Lo

which confirms an incoming vertical line to the
metastable state and an outgoing line with a
dope given by the gain of the inverter.

Finally, if the mutual capacitance cannot be
neglected, we obtain assuming g, = O

C
K=+4/x1
o (A17)
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Single Event Upset Behavior of CMOS Static RAM cells

Kjcll O. Jeppson®, Udo Lieneweg** and Martin G. Buchler®

Abstract

An improved state-space analysis of the
CMOS static RAM cell is presented.
Introducing the concept of the dividing line,
the critical charge for heavy-ion-induced upset
of memory cells SCan be calculated considering
symmetrical aswell as asymmetrical capacitive
loads. From the critical charge, the upset-rate
per bit-day for static RAMS can be estimated.

I ntroduction

To predict the heavy-ion-induced UpSet rate
of static random access memory (SRAM)
cells, Buchler and Allen [1] developed an
analytical method based on state-space anaysis
LZ . Cell upsets are eventually caused if the

ole-electron pairs generated along the track of
an alpha particle hitting the memory cell, are
collccted by the mwerse-biased pn-junction of
an output node. A S-MeV gipha particle
generates, roughly, onc million electron
{)al rs corresponding to a charge of 0.16 pC. If
his charge is collected by the reverse-biased
pn-junction of an output node, this node is
charged, or discharged. If the current pulse
during the alpha hit is short compared to the
response time of the cell, the node set and
release apﬁroach [1] can be used. In this
proach, the output node voltage is set by the
pha hit, whereafter the released cell is
analyzed to see if thealpha hit causes an upset
or not. For 5-MeV apha particles, the node set
and release approach is justified by the fact
that, even if the current pulse is best
approximate by a decaying exponential with a
time constant of 1 ns [3], most of the charges
are collected within 200 ps [4].

Here, an improved analysis of the static
RAM-cell in the release mode is presented
whi cré%/iel_ds better understanding of the RAM-
cell behavior and more accurate expressions of

* Kjell O. Jeppson is with Chalmers University of
Technology, Department of Solid-State Electronics, S-
412 96 Goteborg, Sweden.

** Udo1.icneweg and Martin G, Buchler are with the
Cenier_for Space Microelectronics Technology, Jet
Propulsion Laboratory, Cal i fornia Institute of
Technology, Pasadena, CA 91109, USA.
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*

the critical upset charge. This analysisis based
on cell behavior close to the recta-stable state
rather than on empirical observations of the
initial slopes of the node voltage curves.

State-space analysis

The core of the CMOS static RAM cellis
the bistable latch or flip-flop, which consists
of two inverters as shown in Fig. 1. The two
coupling nodes, N and N2, have effective
capacitances to ground, C; and Ca2,
respectively, and a mutual capacitanceC,. The

state of the flip-flop is described by the two

VDD

Fig.1.Two cross-coupled inverters are
used to design a bistable flip-flop.

node voltages, V, and V,. The bistable flip-
flop has three steady states; the one-state (O,
Vpp), the zero-state (Vp, O) and the unstable
state (V;,, V,u), ususally known as the
mctastable state. _ i

The dynamic behaviour of the flip-flop is
described by the current equations of the two
nodes, i.e.

v, av, dV,
I ®
Cdv,  (1V,dv,
C g "(1 Tde dtl) =1y, (2)

where i,and iz arc the currents flowing into
the wo nodes N.and Ny, ~
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“The two equations closing the system are
governed by Kirchhoff's current law and gives

1= ipp - i 3)
2 =1p2 - 13, (4)

where i,1(V2, Vi) and ip2(Vy, Vy) are the
currents through the two P-channel transistors
and i,1(V,, V1) and 2 (Vi, V,) arc the
currents through the two N-channel
transistors, respectively.

The three steady state solutions of the
system are given by

ip1 =iy =0 (5
ipp ~in2 = O, (6)

where the two equations represent the transfer
curves of the two inverters, as shown in Fig, 2.

If the flip-flop, for any reason such as an
alpha particle hit, is upset from its steady
states, the “return-trgjectory” from any given
state, (Vyq,Vyg), to one of the steady states
has to be derived numerically. Thisis because
of the complicated non-linear voltage
dependence Of the transistor and capacitor
models, which results in non-linear differential
equations, and which generaly cannot be
solved analytically. The most convenient way
to solve the problem is to usc a circuit
simulator such as SPICE. A typical example of
such simulations is shown in Fig, 3.

Equations (1) and (2) give directly the
velocity in state space

~

02 ho - 0—

\

meta-stable
State

VDL | sne-
state

V2

0 V1 VDD

dv, dV,
dt "t Tdt .

iIf the dc current-voltage ch acteristi(! of the
latch, (11(V4,V1),12(V1,V3)), and the node
capacitances are known. Fig. 4 shows the two
velocity components, and Fig, 5 gives a vector
ficld representation. Asillustrated in Fig. 4,
each velocity component is zero aong the
corresponding transfer curve (as long as the
multual capacitance can be ne%l ected). For the
steady state solutions both velocity
components are zero. From the velocity vector
field,.the slope, dVo/dVy, is known analytically
in any point along each of the return
trgjectoriesin Fig. 3, The velocity vector field
also allows a crude graphical construction of
the return trgectories by following the
directions given by the vectors asillustrated in
Fig. 5. Note that the return tragjectories will
always cross the static transfer curve
characterized by i2=0 horizontally, and the
other static transfer curve (i;=0) verticaly [5].

Of particular interest with respect to single
event upsets, arc the two trajectories leading to
the metastable point, These two trajectories
divide the state-plane into two halves and will
serve as a "separatrix” [6] or "dividing line”
during the alpha particle hit. If this dividing
line is crossed during the hit, the cell will be
upset and change its state during the following
"release” mode, otherwise it will return to the
same State as before. The next section will give
an analytical expression for the dividing line as
aquide. for the RAM designer.

5 ‘v’rrrrv-rv-rrvv—v rrwrrﬂ"r‘rrrh * f’""“*r' \asananas

v2

0 E‘ NTSTTICVIVEVE TVUTE FTTTE JuuTs IVon .LLLLALLAJ..I—L‘J.A.A!
0 1 2 3 4 5

V1

Fig. 2. The static transfer curves of the two
invertersina flip-flop areillustrated in the (V],

V,) state plane.

Fig. 3. SPICE-simulated "return-traje ctories"
to one of the stable states from an arbitrary point
(Vo Vool in the (v, V) state plane.

Static memory cell 2 Junc 9, 1993




avi/dt

Fig. 4. Phase-space diagrams for the velocities dV,/dt and dV/dt.

+ “‘+""+'-“+~—‘—b——'-+,,~+',ﬁ/+/f/—

1.-~‘+*~+-—+-—-+._~+f+,-ir/+//+//{

s \+‘+~+——+.~+/+/+/+’/+'/

3.4 ™ ‘+\+—~+..—+/+/5+'/(’/,» A
]

£ 3 % N =~ s ¥

R4

+

»
A I NE
2.1 Lt

- amy
-
PO "

-f-/#,’v-sak\{

\
LY
.{\
e
A I ol T S TN Y

i

f
7.
i
.k

A~

/
1.{/-&/ VO A e R

hY
\

ty

o

.s_.
VNV PSS IS DU .
6. L 2 3
V1

=

Fig. 5. The velocity vector field in the (V,

V,) state plane for C;/C,=0.5 and B,/f,=3.3.
Also shown cre a return trajectory and the
separatrices ending in the metastable point.

Analytical Description of Dividing Line

To derive analytical expressions for the
dividing line, simplified transistor models
must be used. Simulations using different
transistor models suggest that the trajectories
leading to the metastable State, i.e. the dividing
line, with very good accuracy can be
approximated by a straight line. To derive an
expression for the slope of thisline, transistor
currents i,and i,, are linearized around the

Static memory cell

metastable point. Assuming identical inverters
(except for the capacitive loads), and
neglecting the mutual capacitance C,, and the
output conductance of the transistors, we
obtain from Egs (1) and (2),

dVy _C1 (B + Emp) (V- VM) %)
dvy ™ Gy (gmn + 8mp) (V2 - VM)’

where Bmnand gy are the transconductances
in the metastable point (Vy, V,,) of the n- and
p-channel transistors, respectively. Assuming
alinear relationship between V,and V | along
the dividing line,

V-V =K (V- V), (®)
where K = dV,/dV,, we obtain

Kzi'\/%. 9)

This result suggests that the RAM cell
cnters the metastable state along astraight line

with slope v/C;/C,, and leavesit along another

straight line with slope - 4/C,/C,. The dividing
lineis therefore given by

C
V2- V=N g Vi-Vw). (Io)

Simulations show that this equation for the
dividing lineisavery good approximation of
the simulated behavior. To examine closer the
justification of assuming a constant
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transconductance in the saturation region, let
, us use a modified Shockley transistor model
giving the saturation current as

ok Vas-Viw 2 |
o=l S0, (1)

where k, is the transistor gain factor, Vyy the
threshold voltage and &, the Taylor series
expansion coefficient of the bulk charge, (In

standard textbook equations, usually &,=0.)
The transistor is saturated for Vpg = VpsaT =

(Vags-VTn)/(1+8,). The linear region drain
current is given by

5 -
ip=ky EVGS‘VTN)VDS - (1+5n)y“%sf J(12)

Using similar equations for the p-channel
transistor, we can write the two node currents
as

i1 (V2) =%Q(V2-VDD'VTP)2 - %"" (V2-VnN)?
(13)

and

i2(V1) =25 (V1-Vpp-Vip) - %“ (V1-VIn)3,
(14)

where for a g-type transistor :1_k_qe_)_
+
q

For the case of 8 =B, =p, we obtain a
constant transconductance,

gm = &mn + 8mp = -B (VDD + Vrp- VTN)o

(15)
for the wholeregion! whereall four transistors
arc saturated. Hence, for this region (shown
shaded in Fig. 6) the linear equation given by
Eq. (10) is an exact solution Tor the dividing
line

For the general case when Bn#Bp, we
obtain from Egs (1) and (2) neglecting C,,

d V,Crixvy)
dvy " C, 1(Vy'

~ Separating variables, we obtain after
integration

(16)

C1[Bp(VDD+VTP-V1)? + Ba(V1-VIN)® - Bp(VDD+V1p-VM)? - Ba(VM-V1N)3 )=
C2 [Bp(VDD+VTp-V2)? + Ba(V2-VanN)? - Bp(Vhp+Vip- V) - Bu(VM-VIn)?), (17)

one- Pl oft
state
N2 off N
] / .: /
N, o —
2/ 8at’ P2 off
J 2810-
N1 off state
0 VTN VDOD+VIP VDD

Vi
Fig. 6. All four transistors are saturated in the

shadowed area. 8,= 8,= 0.3, Vyy=-Vyp=1v.
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where the metastable point (Vy,Vy) iS given
by

VDD"”VH-"F\/% VN
M= By (18)
4]
1+ B

Eq. (17) isvalid when all four transistors are
saturated. It can aso be made valid for tumed-
off transistors, if the negative value of the
corresponding parenthesis isreplaced by zero.

"[his region is given by

V)V Vi-Vpp-Vip
VIVIN Gy ey, 4 V1YRDVIE

148, 148y
Yo-Vin Vo-Vpp-Vyp
146, SVisVpp+ 14-8[,

VINS Vi< Vpp - Vip
VNS Vo< Vpn - Vrp
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The previousy obtained straight line
* Solution for the case of B,=8,. given in Eq.

(10), is simply a special case? of the general
solution.

A plot of the dividing line for the case of

Bu/B;= 3.3 isshown in Fig. 7 using C,/C, =
1,0.7,0.5,0.25 and 0.1 as parameter values,
As indicated by Fig. 7, the dividing line is
very close to astraight line also for 8,#f,3.
As an example, the second order deviation in

V2 for V =Vpp, is less than 5% for B,/B,=3.3
and C,/C, > 0.1.

Comparisons to SPICE simulations show
that the solution of EQ. (17) can be extended
with small errors aso into regions of the state-
plane where one transistor is linear, if the
current through this transistor is small
compared to the current through the other
transistor of the same inverter. For the

example of Fig. 7, where §,/f,= 3.3,
transistor P1 becomes linear along the dividing
line when C/C, < ().39. However, the error is
negligible aslong asiy; isless than one tenth
of i,y (which istrue for C{/C, > 0.07).

For the limiting case of very small Cy/C,
capacitance ratios, the dividing line becomes a
horizontal line through the metastable State.
The return track from the metastable state to
one of the stable states coincides with the static
transfer curve (i =0). For very large C,/C,
capacitance ratios the limiting dividing line is a
vertical line through the metastable state. The
return track from the metastable state to one of
the stable states now coincides with the other
static transfer curve (i,=0). Sec Appendix,

“For By=B, Eg. (17) yields

CoVDD + Vi - Vi) (V5 - vM)22=
CiVpp + Vip VIN) (Vi V%,
from which Eq. (10) can be obtaincd. For that part of
the dividing line that falls outside the shaded region

where al four transistors are saturated, for instance
when P2 istumed off (for C1/Cy<1), Eq. (22) yields

C . [(Ve-V? - (VDp+ V- V)3 - (Vm-Vin?] =
3C(Vpp + Vap - Vin) (V2 - V)2,

which only dightly deviates from a straight line.
3 It is exactly astraight line for C,=Cj.

static memory cell

5.0 tone- )
state 0.7

3.0 1
V2
2.0 1

1.0

0.0

Fig. 7, The dividing line with C,/C,= 1,

0,7, 0.S 0.25 and 0.1 as parameter.

Critical Charge Expressions

To calculate the upset-rate of a static RAM
in space, Buchler and Allen used the Petersen
eguation [7] which assumes a 10-percent
worst case differential cosmic-ray spectrum.
According to the Petersen equation, the upset
rate (in upsets per bit-day) for a heavy-ion hit
on a g-type reverse-biased pn-junction of node
I isgiven by

Ri = 5-10-10 Al (—Q’%f (19)

qi
where AJ; is the area of the reverse-biased pn-
junction of node i (in umz), Xqi isthe carrier

collection depth of the same junction (in pm)
and QC is the critical charge (in pC).

The critical charge for a heavy-ion-induced
up.set canbe calculated for each reverse-biased
?n-juncu‘on of the RAM cell using the results

rom the previous analysis.

For C,/C,<1, the critical charges for a hit
of inverter 2 is calculated as follows. With the
RAM cell being in the zero-state, V,=0 and the
drain of transistor P2 is reverse-biased. The
critical voltage, VC;, for a P2 heavy-ion hitis
obtaincd from the dividing line at V=V, [11.
In the one-state, V=V, and the drain of
transistor N2 is reverse-biased. The critical
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voltage, VC,,, for an N2 heavy-ion hit is

. obtained from the dividing line at V,=0O [1].
Therefore, the critical voltages can be

obtained from the straight linc equation (10) as

VCp2=VMm + '\/ % ¢ob - VM) (20)
and
VCn2 = VM\f (C“; VM. (21)

respectively.

The expression for VCpa of Eq. (20) can be
compared to the expression derived by Buchler
and Allen. They based their analysis on the
empirical observation that

dv v '’
Vi Vi @)
at (Vop, VCp2) in the state-plane. After some
approximations their derivation yielded

C
VCp = VIN+\ G VDD Vi), (29)

Here, it can be sccn that while their
expression for VC,; only depends on the
threshold voltage of the n-channel transistors,
the new expression in Eq. (20) depends on the
switching voltage of theinverter. Thereby, the
influence of both the p- and n-channel
transistors are considered, -

N
w

N

RELATIVE CRITICAL CHARG!
n
|

1 n a
0.5
0
1 10 100

RELATIVE CURRENT PULSE

Fig.8. The relative critical charge for memory
upset Versus the relative current pulse
(normalized to the transistor saturation current).
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6

From the critical voltages, VCp2and VCn2,
Buehler and Allen Ll] defined the
corresponding critical charges for memory
upset by a P2- and N2-hit as

QCp2=C2VCp2 (24)
and

QCun2 = C2 (Vpp - VCn2), (25)
respectively.

he critical charge is the minimum charge
needed for memory upset, assuming that ‘the
charge is collected so rapidly that the voltage
on the other node does not change. This istrue
for most memory cells since they, typically,
have a siow response time (>500 ps) and most
of the charge Is collected within 200 ps as
shown byaw{ However, if charge is lost
during the alpha hit and, more charge must be
collected to upset the cell. To simulate the cell
duri n% the alpha hit, one must be concerned
with the detailed nature of the current pulse.
For 5 MeV alpha particles, the current pulse
can be approximated by a decagl n?_lexponentl_al
with atime constant of 1 ns[3]. However, in
most cases, as the simulated cases shown in
Fig, 8, as mﬁl e square-wave current pulse isa
good enough first-order approximation [8].
The corresponding set and release trajectories
simulated for five-different current sources are
shownin Fig. 9.

s \AASsRanas AASSARAARE RANAREARES RARAS R

V2

n EL NTTTTUTY FNUUTITTOY FTEVEURUTE FIUTRRUTY
‘o 1 2 3 4 5

V|

Fig.9.The set and release trajectories for five
different current pulses during the alpha hit.
The current pulse is normalized to the
transistor saturation current.
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*

The critical charges for a hit of inverter 1
can be caculated similarly. at least for
capacitively symmetric RAM cclls or when
C1/C2>1. In order to estimate the critica
charges for N1 or P1 hits when C1/C2<1, onc
has to know how the dividing line continues
into the regions where V<0 and V{>Vpp.
Duc to the forward biasing of the drain diodes
N1 or PI1, respectively, large rcstoring
currents i, develop, bending the dividing linc
almost horizontal outside the frame of Fig. 7.
Consequently, the dividing line will be
impossible to reach by N1or P1 hits, i. e.
QCn1 and QCp become very large and the
corresponding upset rates can be neglected.

Conclusions

A dynamic description of the charging and
discharging behavior of bistable RAM cells
after single event upsets has been developed.
State lol ane analysis has been shown ‘to be a
useful tool in providing insight into basic
RAM ccl] behavior, both in the set mode
during alpha particle hit and in the relcase
mode, after the hit. The state plane has been
shown to be divided into two halves by a
dividing line that determines to which stable
state the system returns after a hit. Analytic
expressions for the dividing line, and for the
minimum critical upset charges, have been
given.
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Appendix
Generdly, Egs (1) and (2) can be rewritten

as
vy _ i | iz
& =Cii* T (A
dVa 1y )
dt " C21"Cnp2 ¢ (A2)
where
C“ = C] + Cgl (A3)
1+ 2o
G,
Ct
Ciz-Ca, + C1+Cy (A4)
CsH ~
C21=C1 —C—;;+C1+C2 ' (AS)
Cpa=Co+- C'E (A6)
1+ &%
G

Using the following linear approximation
of the transistor currents, .

iy = 8m (V2 - V) + 80 (Vi- V) (A7)
Ih=gn (V- VM) +g0(Va- V) (AB)

where gm = ginn + 8mp IS the sum of the n-
and p-channel trans¢onductances in the
metastable point (V,, V,) and go = g,,-t- gqp
is the sum of the output conductance, wc
obtain

dV, _ ap(Vg - V) +bo(Vy - Viy) (A9)
dVl BI(VZ'VM)+b1(V1'VM) ‘

Here
_Em | 8o _ Bm | Bya
NEC Ty T Gy Gy MO
o ., &m Lo , EBm.

by =-C-11 +EE’ bz—-Czl +C22' (A11)

Assuming alinear relationship between V,
and V,along the dividing line, i. e.

Static memory cell

V2 - VM = K (V] - VM), (Alz)

we obtainthe slope

1eby agy, A [1 b1 22w by
K:-i(a] ) al)i 4 (al i al)z * aj

(A13)

If the mutual capacitance can be neglected
compared to the load capacitances, the
expression for the slope reduces to

Kzi'\/(élwt c2-¢ (A14)
2

As expected, this expression reduces
C .
further toK = % -(—; when assuming g,=0.

Assuming g,#0 and letting C,—>, we obtain
from Eq. (Al4)

0
K= {_ &0, (A15)
Em

which confirms an incoming horizontal line to
the metastable state and an outgoing line with a
slope given by the reciprocal gain of the

inverter. Letting C;—eo, we obtain

K= { gm (Al6)
£o

which confirms an incoming vertical line to the
metastable state and an outgoing line with a
slope given by the gain of the inverter.

Finally, if the mutual capacitance cannot be
neglected, we obtain assuming g, =0

~
1
N
1
i

(Al7)
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